The article explores the morphological and electrochemical properties of carbon electrode materials derived from D-lactose by mixing the carbon precursor with an activating reagent selected from the series KOH, K2CO3, ZnCl2, SnCl2 2H2O and calcining the composite mixture at 800 ° . After dissolution and removal of K2O, ZnO or SnO from volume of prototypes, the specific surface of carbon materials increases 1.7-4.2 times, and the electrical conductivity -1.4-2.8 times. The activating reagents for effective influence on the properties of carbon structures can be placed in the following order: ZnCl2 > K > K2CO3 > SnCl2 2H2O. It is established that the highest specific capacity as an electrode material for supercapacitor has a sample with the highest electrical conductivity (78 hm -1 m -1 ) obtained using KOH activating reagent. The electrode material capacity was 176-157 F g -1 at discharge currents of 10-100 mA. It is found that the difference in the values of capacity of prototypes is caused by different chemical state of their surface.
INTRODUCTION
Various porous materials, in particular, metal oxides (RnO2, IrO2), foamed metals, individual polymers and carbon form a double electric layer (DEL) at the boundary with the electrolyte [1] . This phenomenon is the basis of the operation of new devices -electrochemical capacitors (EC), which have a high capacity and are capable of charging and discharging like secondary galvanic power sources [1] [2] [3] [4] . Another name of these devices is supercapacitors or ionistors [5, 6] . Compared with galvanic batteries, EC have higher specific power and are significantly more durable, i.e. they endure a million charging/discharging cycles, but inferior to their specific energy.
In modern EC, porous carbon material (CM) has found widespread use as an electrode material [3, 4, 7] . This is due to its large specific surface ( 2000 m 2 /g), chemical inertness relative to proton and aprotic electrolytes, simple production technology and low cost.
Currently, the choice of electrode materials for supercapacitors has significantly expanded. This is caused by the use of a wide range of organic compounds and natural raw materials for the production of CM and the invention of new methods of activation of carbon structures in order to increase their specific surface and optimize the structural and morphological characteristics.
In particular, the methods of exo-and endo-templating are used to obtain spatially ordered porous CM [3, 4, [6] [7] [8] [9] [10] [11] [12] . The first method involves thermolytic decomposition of the carbon precursor in the pore volume of inorganic matrices -zeolites [13] [14] [15] , silica molecular sieves or alumina membranes [16] [17] [18] [19] . The voids of exo-templates as a result of carbonization of the organic matter become the carbon frame, and a free volume in the form of pores and channels appears in place of the matrix after its dissolution and removal. The essence of the endo-templating method is that the volume of the carbon precursor is filled with nanoparticles of inorganic oxide material (for example, SiO2 and Al2O3), and after carbonization of the precursor, they are washed out from CM by KOH solution, fluoride or chloride acid [20] [21] [22] .
Carbon structures with multimodal pores are the most suitable for the production of EC electrodes. Since micropores make the greatest contribution to the specific CM surface, their share in the total volume of the material pores always exceeds the share of meso-and macropores. The activation thermochemical processes, which lead to an increase in the micropore volume in the carbon matrix, are due to the reactive interaction of 2 and 2 molecules with carbon atoms at temperatures of 800-1100 °C [23, 24] n + H2O Cn -1 + CO + H2,
n + CO2 Cn -1 + 2CO.
Carbon structures with the necessary ratio of microand mesopores are synthesized using activating reagents , K2 3 or ZnCl2 [25] [26] [27] [28] . When heated composite mixtures consisting of the carbon precursor and specified compounds, K2 and ZnO template particles are formed, which after removal from the carbon matrix leave there 2-6 nm mesopores. 2 and 2 molecules released as a result of thermal dissociation of reagents are involved in the oxidation of carbon atoms and contribute to growth of the micropore volume in the material (reactions (1), (2)). The specified compounds in the composition of the carbon precursor act as both a template and an activating reagent; therefore, they should be used when producing new electrode materials based on promising carbon precursors.
Studying the structural and morphological properties of CM obtained by thermolysis of disaccharides, in particular, sucrose and D-lactose, which have the same chemical composition (the formula of precursors 12 22 11) , we clarified that lactose carbon is more promising than carbon derived from sucrose for producing EC electrodes. This is due to the fact that the texture of lactose carbon is constructed of very small, 5.0 × 0.4 × 0.4 nm 3 layered crystallites, and the texture of sucrose carbon -largely of globular 2.4-3.0 nm microcrystals [29] . Actually, each microcrystal of lactose carbon is formed of two graphene sheets. This morphological peculiarity provides lactose carbon with a higher electrical conductivity and a much larger specific surface.
Thus, the aim of this work was to study the structural and morphological and electrochemical properties of carbon samples obtained by calcining the composite mixture of D-lactose and an activating reagent (K , K2CO3, ZnCl2, SnCl2) at a temperature of 800 ° and clarify how the acquired properties of carbon structures influence the capacity of EC formed on their basis.
PRODUCTION OF PROTOTYPES AND METHODS OF THEIR STUDY
D-lactose 12 22 11 (TC 6-09-2293-77) was used as the carbon precursor. The structural and morphological properties of carbon were corrected using reagents-activators: pure KOH for the analysis (SS 24263-80), technical K2 3 (SS 10690-73), pure ZnCl2 for the analysis (SS 4529-78) and chemically pure SnCl2 2H2O (SS 36-78).
To this end, D-lactose was introduced into the saturated solution of the activating reagent; then the mixture was stirred and heated in order to form a liquid homogeneous consistency. After evaporation (100-175 °C) and caramelization (220-230 °C), the composite mixture was carbonized at a temperature of 350 °C for 1 hour. After that, the carbon mixture with the reagent was heated in an argon atmosphere at 800 °C for 40-60 minutes. The conditions for obtaining CM prototypes are given in Table 1. K2 template particles were extracted from the volume of calcined CM with hot distilled water, and ZnO and SnO -with hot chloride acid.
The structural and morphological characteristics of CM were determined by nitrogen adsorption/desorption isotherms. The measurements were performed at the boiling point of liquefied nitrogen ( 77 K) on an automatic sorptometer Quantachrome Autosorb (Nova 2200e). Before the measurements, the prototypes were calcined in vacuum at a temperature of 180 °C for 24 hours. The total specific surface of pores (Sp), the specific surface of micro-(Smicro) and mesopores (Smeso), the volume of micro-(Vmicro) and mesopores (Vmeso) were calculated using the BET- [30] and t- [31] methods. The total volume of pores (V) was determined by the amount of adsorbed nitrogen at a pressure of / 0 1 (where and 0 are the nitrogen vapor pressure and the pressure of its saturated vapor at a temperature of 77 K, respectively). The calculation of pore size distribution was carried out by the NLDFT (nonlocal density functional theory) method [32] in the approximation of slit-like pores.
To study the conducting CM parameters, a capacitor system consisting of two copper electrodes with the prototype between them was used. The Nyquist diagrams Z f(Z ), where Z and Z are the real and imaginary parts of the complex resistance of the system, respectively, were obtained using amplitude-frequency analyzer Autolab ("ECO CHEMIE", Netherlands) in the frequency range of 10 -2 -10 5 Hz. The amplitude of the sinusoidal voltage was equal to 10 mV. Taking into account the geometric parameters of the samples, the specific values of the resistances, electrical conductivity and frequency dependences of the electrical parameters were calculated according to the following equations:
where Z A/d and Z A/d, and d are the electrode surface area and the sample thickness, respectively. The complex specific conductivity was determined from the relationship
where
M Z Ad , and the total conductivity -by the formula [33] 22 .
A mixture of CM and conductive additive (graphite KS-15 by Lonza Co.) was used in a mass ratio of 75 : 25 to produce electrodes of symmetrical EC. The obtained electrodes were impregnated with the electrolyte, separated by a separator and placed in a two-electrode cell of a standard size of 2525, after which it was sealed. 30 % KOH aqueous solution was used as the electrolyte.
Galvanostatic cycling and cyclic voltammetry were used to study the electrochemical properties of EC with electrodes based on CM prototypes. The measurements were performed on the device Autolab ("ECO CHEMIE", Netherlands) equipped with the GPES program.
The galvanostatic measurements were carried out in the voltage range of 0 ÷ 1 V, the capacitor charge/discharge current varied from 10 to 100 mA with a step of 10 mA. The specific capacity of the electrode material of EC was calculated by the formula where I is the charge/discharge current, t d is the discharge time, Um is the maximum voltage, U is the voltage drop when the discharge circuit is closed, m is the CM mass. The internal resistance of EC was determined by a potential jump after ten charge/discharge cycles of the capacitor according to the equality U 2IR. The EC cyclic voltammograms were recorded in the voltage range of 0 ÷ 1 V; the scan rate s dU/dt was equal to 5 and 10 mV/s.
RESULTS AND DISCUSSION
The necessary initial information for calculating the structural and morphological characteristics of the CM prototypes is given by the experimental dependences of changes in the volume V of adsorbed/desorbed nitrogen on the value of its relative pressure / 0 at a constant temperature (see Fig. 1 ).
An important feature of the nitrogen adsorption/desorption isotherms of the prototypes is that when the saturated vapor pressure reaches 0, the limiting value of adsorption is detected. The adsorption dependences with these features are typical for monomolecular adsorption of substances by porous sorbents. By the IUPAC classification, they belong to the I-st type [34] . The dependences shown in Fig. 1 indicate that calcining of the composite mixture of carbon with the activating reagent leads to a significant increase in the sorption properties of the prototypes. By the effectiveness of the influence on the activation process, the reagents can be arranged in the series of ZnCl2 > KOH > K2CO3 > SnCl2 2H2O.
To calculate the pore size distribution of the porous material, as a rule, the desorption isotherm is used and the hysteresis between adsorption and desorption dependences is taken into account. The essence of hysteresis lies in the fact that the desorption branch is shifted in the direction of lower pressure values / 0. The isotherm hysteresis of C KOH sample is detected within the range of 0.1 ÷ 1.0 / 0 and of C ZnCl 2 sample -within the range of 0.15 ÷ 0.65 / 0. The shape of the hysteresis loop of these isotherms by the IUPAC classification [34] is typical for porous materials, in which slit-like pores are dominant.
As seen from the calculation of the parameters of the CM porous structure (Table 2) , unactivated carbon (C) There is a redistribution of micro-and mesopores in addition to the growth of Sp and V with the activation of ZnCl2. If for the unactivated material Smicro/Sp 92 % and Vmicro/V 88 %, then after activation Smicro/Sp 59 % and Vmicro/V 45 %. For other prototypes, the dominance of micropores is typical.
The analysis of the characteristic curves of the pore volume size distribution calculated using the CM adsorption isotherms, convinces us that unactivated carbon C is really microporous (Fig. 2, curve 1) . Most of its micropores has a size of 1.17 nm. In the activated prototypes C SnCl 2 , C K 2 CO 3 and C KOH , the micropore volume is 75-91 % with respect to the total pore volume. Micropores in these prototypes have a size of 1.17-1.40 nm (Fig. 2, curves 2, 3 , 5). The activated prototype C ZnCl 2 is special. Its total pore volume contains 45 % micropores and 55 % mesopores. In addition, the micropore sizes in the main maximum and in two smaller maxima are, respectively, equal to 1.23, 1.54 and 1.85 nm (Fig. 2, curve 4) . The maxima in the mesopore distribution for this material correspond to the sizes of 2.31; 2.65 and 3.32 nm. 
Since the advantage of supercapacitors compared to galvanic batteries is precisely the ability to high current discharge; therefore, the electrode material and the EC electrolyte should have high electrical conductivity.
As seen from the Nyquist diagrams Z f(Z ) (see Fig. 3 ), the inductive component is present in the highfrequency spectral region of all samples. Its presence is associated with the percolation carrier transport mechanism through a mixture of conducting and non-conducting particles of the electrode material, where pores are the non-conducting particles. Thus, due to the complex motion trajectory of charge carriers, the carbon structure of the electrode material becomes an analogue of inductance. Only the real component of the resistance undergoes changes with decreasing frequency of the electric potential. The value of the imaginary resistance first decreases, and then remains constant.
Based on the equations (3)- (5), the values of the real , imaginary and total conductivities of CM are calculated and their frequency dependences are found. Since the value of the real component of the electrical conductivity at frequencies below 10 3 Hz is approximately 2-3 orders of magnitude larger than the value of the imaginary component, then the contribution of the latter to the total conductivity of CM can be neglected. Under these circumstances, the behavior of the total resistance will also be determined, mainly, by the frequency dependence of the real component of the electrical conductivity. Representation of the frequency dependences of the electrical conductivity in semi-logarithmic coordinates allows to determine the value of the specific CM electrical conductivity by extrapolating the experimental curve to its intersection with the -axis (we have a constant current at f 0) (see Fig. 4 ). The calculations performed in such a way allowed to clarify that the high-temperature activation of CM using the mentioned reagents leads to an increase in its specific conductivity 1.4 ÷ 2.8 times (see Table 3 ). CM C KOH acquires the greatest value of the electrical conductivity (78 Ohm -1 ·m -1 ) and CM C K 2 CO 3 -a somewhat smaller (55 Ohm -1 ·m -1 ) . Such a result of the effect of KOH and K2 3 on the CM electrical conductivity, in our opinion, is associated with the intercalation of K + ions in the interlayer space of carbon microcrystallites. This contributes to their structural rearrangement at high temperatures to the graphite-like state.
To determine the specific energy parameters of CM, the electrodes were formed from them. On the basis of the galvanostatic curves U f(t) (Fig. 5) , the values of the specific capacity of electrode materials (Fig. 6a) and the internal resistance of EC (Fig. 6b ) on the discharge current were calculated.
Analyzing the curves shown in Fig. 6 , it can be found that electrode material C KOH exhibits the largest specific capacity (176-157 F g -1 ) in a discharge with a current of 10-100 mA. The material C K 2 CO 3 has a slightly lower specific capacity (171-147 F g -1 ) at the same discharge currents. It is unexpected that C ZnCl 2 CM with the largest values of the surface area (2122 m 2 g -1 ) and micropore volume (0.522 cm 3 g -1 ) shows the same specific capacity as unactivated carbon (160-135 F g -1 ). By the specific capacity, the prototypes can be arranged in a series of 
Searching for the relationship between the specific capacity of CM, the value of the internal resistance of EC and the specific conductivity of the materials themselves, it is possible to reveal the correlation correspondence only between the specific capacity and the specific conductivity of three samples C KOH , C K 2 CO 3 and C ZnCl 2 . Experimental results do not allow to detect a direct effect of the morphological parameters of the porous structure of CM on their electrochemical properties. In particular, there is no clear correspondence between the value of the specific capacity of the electrode material and its specific surface. This indicates a significant effect on the formation of DEL of the chemical state of the surface of carbon structures. Among the studied materials, only the surface of carbon C KOH is most closely related to the electrolyte KOH. First of all, the possibility of forming DEL micelles on the surface of CM is meant by the term "affinity of the electrolyte to the electrode material". In this heterogeneous system, the formation of micelles is possible in the case of the hydroxylation of the electrode material surface. The prototype C KOH acquires the hydroxylation state in the process of the reaction interaction with the activating reagent:
As a result of this reaction, there occurs an increase in the CM microporosity and the formation of C -OH surface groups. A micellar {m[C(C-O)]nK + (n--} + DEL, in which the K + ions are potential-determining, is formed on the hydroxylated surface of the electrode CM when in contact with alkaline electrolyte. The use of the activating reagents K2CO3, ZnCl2, SnCl2 2H2O also provides an increase in the porosity of carbon samples, however, the chemical state of their surface is less suitable for the formation of DEL in the electrolyte, since groups compensating the surface charge are formed:
Based on the cyclic voltammetry data taken at a lower scan rate (5 mV/s), the voltammograms have a symmetrical shape similar to the rectangular one (Fig. 7a) . Such a shape of the voltammograms implies that the charge accumulation in EC occurs precisely as a result of the DEL formation at the interface between the electrode material and the electrolyte; and there are no secondary oxidation-reduction, the so-called Faraday, processes. At a higher scan rate (10 mV/s), the rectangular shape of the voltammograms is slightly disturbed (Fig. 7b) . This is caused by an increase in the resistance of the electrochemical system due to a local decrease in the concentration of electrolyte ions in the micropores of the electron material [35] .
CONCLUSIONS
A method for producing a synthetic CM based on the use of D-lactose as a precursor and also an activating reagent selected from the KOH, K2CO3, ZnCl2, SnCl2 2H2O series is proposed. It involves mixing the precursor with an activating reagent and heating the composite mixture first to the carbonization temperature of the organic component (350 °C), and then to a temperature of 800 °C, at which there occurs the activation processes, namely, an increase in the pore volume, an increase in the specific surface of the material, as well as the atomic structure ordering of graphene microcrystals.
Studies of the structural and morphological state and the electrical conductivity of CM showed that after their thermochemical activation, the pore volume and the specific surface of the material increase, respectively, 1.8-5.3 and 1.7-4.2 times, and the specific electrical conductivity -1.4-2.8 times. By the effectiveness of the effect on the CM properties, the activating reagents can be arranged in the series of ZnCl2 > KOH > K2CO3 > SnCl2 2H2O.
As the electrode material for EC, the largest specific capacity is demonstrated by the CM with the highest specific electrical conductivity and activated by the KOH reagent. When discharging EC with currents of 10-100 mA, the specific capacity of the electrode material is equal to 176-157 F g -1 . Although the material activated by ZnCl2 possesses the greatest values of the micropore volume (0.522 cm 3 g -1 ) and the specific surface (2122 m 2 g -1 ), it shows the same specific capacity as unactivated carbon (160-135 F g -1 ). The difference in the values of the specific capacity of the studied electrode materials is associated with different chemical states of their surface.
